Specific ion effects in aqueous solutions are investigated at the molecular, nanoscopic and macroscopic levels. Femtosecond elastic second harmonic scattering (fs-ESHS) is used here to assess the chemical effects of ions on molecular and nanoscopic length scales of water, probing changes in the charge distribution around ions as well as structural orientational order of water molecules in extended hydration shells. We measured 40.05 M electrolyte solutions with a series of chloride salts (LiCl, NaCl, KCl, CsCl, RbCl, NH 4 Cl, MgCl 2 , CaCl 2 , and SrCl 2 ). Ion specificity is observed in both the local electronic anisotropy and the nanoscopic orientational ordering of water. Both observables are influenced more by cations with larger valencies and smaller sizes and follow a direct Hofmeister trend. These ion-induced structural changes in the hydrogen-bond network of water are strongly correlated with the viscosity B-coefficient and the Gibbs free energy of hydration of ions. Such a connection between the nanoscopic and macroscopic changes provides a possibility to construct a molecular model for specific ion effects in aqueous solutions.
Introduction
Inorganic ions play specific and irreplaceable roles in various physical, chemical, and biological processes in aqueous solutions, from colloid assembly and bubble coalescence to protein folding and enzyme activities, typically observed at and above the physiological concentration of electrolytes (B0.1 M). [1] [2] [3] [4] [5] [6] Specific ion effects are shown to be present in various macroscopic properties of bulk aqueous solutions, such as viscosity of electrolyte solutions and solvation free energy of ions. [7] [8] [9] Recent work also shows that changes occur at the molecular level. [10] [11] [12] Neutron and X-ray diffraction studies that measure the structure factor of ionic hydration shells report ion-specific coordination numbers of alkali ions. [13] [14] [15] [16] The electronic state of ion hydrating water molecules was probed by X-ray absorption spectroscopy. It was found that cations with a low charge density weaken the hydrogen (H)-bonds of hydrating water molecules whereas cations with a high charge density cause the formation of strong H-bonds. 17, 18 Raman spectroscopy, 19, 20 vibrational dynamics measurements, [21] [22] [23] [24] and ensemble infrared photodissociation spectroscopy 25, 26 probe the O-H stretch modes of hydrating water molecules in the vicinity of ions. These studies showed that different ions perturb the water network and restrain the dynamics of water molecules to different extents, leading to ion-specific changes in the spectra of O-H stretch regions. Changes in the complex permittivity of electrolyte solutions as probed by dielectric spectroscopy measurements indicated that small and highly charged cations align and irrotationally bind water in the first hydration shell. 27 Auger electron spectroscopy studies of ultrafast charge delocalization phenomena in electrolyte solutions showed that cations with larger charges induce a slower electron-hopping rate to the oxygen of hydrating water molecules. 28, 29 Computer simulations that calculated the radial distribution and orientation of water molecules in the ionic hydration shells 4, 19, 23, [30] [31] [32] [33] showed that ions induce distinct changes in the water network that involve changing the number of H-bonds per water molecule and affecting the reorientation of individual water molecules. All the above studies report specific ion effects on the structure and dynamics of water molecules in the first few hydration shells of ions in aqueous solutions. However, the mechanism of specific (cat)ion effects is not fully understood. 34 A well-known example is the high selectivity of ion channels for either K + or Na + ions, which cannot be explained simply by a difference in geometry alone. 35, 36 Another example is that Na as the major intracellular monovalent ion. 37 Although some recent molecular dynamics studies [38] [39] [40] [41] have reported ion-induced water ordering over nanoscale distances, there is no molecularlevel experimental evidence for long-range specific ion effects on the bulk water structure. An overarching molecular model based on combined experimental data and theory that explains how specific ion effects extend from the first few hydration shells of ions to the bulk water network and lead to macroscopic effects in the bulk properties of electrolyte solutions is still lacking. To help with this issue, a technique that is able to probe hydrating water at the molecular level and is also sensitive to longer range structural changes in extended hydration shells is needed. Femtosecond elastic second harmonic scattering (fs-ESHS) has recently been shown to access molecular level properties of electrolyte solutions up to nanoscale distances. 39, 42 Specifically, fs-ESHS studies on electrolyte solutions with ionic strengths in the range of 1 mM to 100 mM found a universal long-range (B20 nm) influence of ions on the H-bond network of water molecules, which can be qualitatively explained as a perturbation in the water-water correlations induced by the total electrostatic field of the ions in solution. 39, 43 As a second-order nonlinear process, fs-ESHS selectively probes both local electronic anisotropy of individual molecules and nanoscopic structural anisotropy (i.e. orientational order) in a liquid. Electronic anisotropy gives rise to an incoherent response and structural anisotropy gives rise to a coherent response that reflects the orientational order of molecules, whereas no second harmonic (SH) intensity is generated in a centrosymmetric environment composed of centrosymmetric molecules. The coherent and incoherent contributions can be investigated separately using different polarization combinations of the incoming and outgoing electromagnetic waves. The sensitivity to the orientational order as well as the electronic charge distribution suggests that fs-ESHS could also provide molecular level insight into specific ion effects in more concentrated aqueous solutions. As the orientational order in the H-bond network is related directly to the formation and breaking of H-bonds, a connection with macroscopic properties of electrolyte solutions, such as viscosity and the Gibbs free energy of hydration, is worth investigating. Here, we probe aqueous solutions, with ionic strengths 40.05 M, of a series of chloride salts (LiCl, NaCl, KCl, CsCl, RbCl, NH 4 Cl, MgCl 2 , CaCl 2 , and SrCl 2 ) with fs-ESHS. We observe ion specificity in both the local electronic anisotropy and the nanoscopic orientational ordering of water in extended hydration shells. Both observables are influenced more by cations with larger valencies and smaller sizes and follow a direct Hofmeister trend. We also find that the ion-induced orientational ordering in the water network, revealed by a linear increase in the fs-ESHS intensity of the coherent response as a function of the electrolyte concentration, is strongly correlated with the viscosity B-coefficient and the Gibbs free energy of hydration of ions. These findings are of particular interest, given that cations play a critical role in biologically relevant aqueous systems. The observed connection between the molecular (electronic anisotropy), nanoscopic (orientational ordering of water) and macroscopic (viscosity/hydration free energy) observables will further our understanding of the hydration of ions as well as specific ion effects in aqueous solutions and will open a route to the development of a multiscale model.
The present work is structured as follows: we first introduce the theoretical background of fs-ESHS, followed by the Materials and methods section. Then we present theoretical calculations of the SH intensity of aqueous solutions of a series of chloride salts. The incoherent SH responses from single spherical ions with different radii and single water molecules are considered first. The coherent SH intensity is calculated for electrolyte solutions based on Debye-Hückel (DH) theory, in which a dielectric continuum, a gas of water dipoles and statistical distributions of ions that follow from the linearized Boltzmann distribution are assumed. We compare these relatively simplistic theoretical results with the data of fs-ESHS measurements of electrolyte solutions for the incoherent and coherent responses separately. We find that the experiments contain many details about the intricate relationship of water and ions that are not captured by the models. Finally, we correlate the fs-ESHS responses obtained in different polarization combinations with the viscosity B-coefficient and Gibbs free energy change of hydration to show a connection between the nanoscopic and macroscopic observations. Such a connection evidently warrants further investigation into the atomistic details that underlie the presented experiments.
Theoretical background of fs-ESHS
In a fs-ESHS process in an aqueous electrolyte solution, SH polarization P (2) (2o) is induced in the focal volume of incident electromagnetic waves E(o) with frequency o and wavevector k o . P (2) (2o) is the source of SH light with frequency 2o and wavevector k 2o . The SH response of a molecule is characterized by its second-order hyperpolarizability, b (2) (2o; o, o) = b (2) .
When an electrostatic field E(0) is present, the third-order hyperpolarizability b (3) (2o; o, o, 0) = b (3) will also contribute to the emitted SH light. The emitted fs-ESHS intensity I(2o) J measured at a scattering angle y = 901 (Fig. 1A ) in a polarization state J is: 44, 45 Ið2oÞ
where r h is the position of the h-th molecule. 
where N m is the number density of molecules in the focal volume. h i represents an ensemble average with respect to time and space. e iq(rhÀrh 0 ) in the coherent term represents the orientational correlation between molecules h and h 0 . In a collinear fs-ESHS experiment, the two incident optical fields are identical (K = L).
The incoherent response reports on molecular electronic anisotropy. The coherent response reports on structural orientational correlations or orientational order between molecules. 44 ) to obtain a 5 ml stock solution at a high concentration by using a 5 AE 0.025 ml volumetric flask (Duran) at room temperature. The stock solutions were filtered (0.1 mm PVDF membrane filters, Millex-VV, Millipore) and then diluted to the desired concentration. The relative error in the reported electrolyte concentrations is 0.5%.
Materials and methods

Sample preparation
Femtosecond elastic second harmonic scattering (fs-ESHS)
190 fs laser pulses centered at 1028 nm with a repetition rate of 200 kHz were used to probe the samples. The input pulses were linearly polarized using a Glan-Taylor polarizer (GT10-B, Thorlabs) and a zero-order half-wave plate (WPH05M-1030), and were cleaned using a longpass filter (FEL0750, Thorlabs). The cleaned laser pulses were then focused into a cylindrical glass sample cell (4.2 mm inner diameter) using a plano-convex lens ( f = 75 mm, LA1608-B, Thorlabs). The focused laser pulses had a beam waist of B35 mm diameter and a Rayleigh length of B0.94 mm. The pulse energy at the sample was 0.3 mJ (incident laser power P = 60 mW). The generated fs-ESHS light was filtered using a bandpass filter (ET525/50m, Chroma) and was collected at a scattering angle of 901 using a gated photomultiplier tube (PMT, H7421-40, Hamamatsu). The polarization of the collected fs-ESHS light was analyzed using a Glan-Taylor polarizer (GT10-A, Thorlabs). The acceptance angle for collecting the fs-ESHS light was set to 11.41 and each data point was acquired with an acquisition time of 50 Â 1 s (50 Â 2 Â 10 5 pulses) and a gate width of 10 ns.
The fs-ESHS intensity of pure H 2 O was measured between every two samples and was used to monitor and correct for laser fluctuations. All liquid samples were stored and measured in sealed glass sample cells at room temperature (T = 297 K).
The reproducibility of fs-ESHS measurements of electrolyte solutions was 1-3%. More details of the fs-ESHS experiment system can be found in ref. 39 and 46 .
Fits to the fs-ESHS data
The fs-ESHS data were fitted with a linear function:
where x and y are fitted to the relative intensity and concentration, k is the fitted slope, and b is the intersect of the y-axis of the linear curve. Linear fittings with this given equation were performed using the built-in fitting function ''Line'' in IGOR Pro 6 (WaveMetrics), in which the singular value decomposition algorithm 47 is employed for this non-iterative curve fitting. The
, indicating the quality of the linear fit, can be calculated by
where y i is the data value and % y is the mean value of y i , and f i is the corresponding predicted value. A value of R 2 closer to 1 is indicative of a better fit. The error bar in k is taken to be determined by the 95% confidence interval.
Molecular dynamics simulations
Polarizable molecular dynamics (MD) simulations were performed using the TINKER 7.1 package 49 to calculate the electrostatic field E(0) on an ion. The Amoeba14 model 50 was chosen for the water molecules, and the Amoeba ion parameters 51 for the sodium and chloride ions. Cubic simulation boxes, with a side of 5 nm, were prepared by combining B4000 water molecules with randomly distributed pairs of ions, up to the concentration of 2 M. After initial equilibration of 100 ps, simulations were run for 500 ps, and snapshots of the instantaneous configurations of water and ions were saved for every 100 fs. During equilibration in the NPT ensemble, the velocity Verlet method was used with 1.0 fs integration time steps. The system temperature was kept at 298 K using an Andersen thermostat with a coupling time of 0.1 ps. The system pressure was kept at 1.0 atm using a Berendsen barostat with a coupling time of 2.0 ps. The particle mesh Ewald method 52 was used to evaluate the long-range electrostatic interaction, and the real space cutoff for Ewald summation as well as for van der Waals interactions was set to 12.0 angstroms. The convergence threshold of 10 À5 D was applied during calculation of self-consistent induced dipoles. During production runs in the NVT ensemble, Langevin dynamics with a velocity Verlet integrator was employed. The Langevin dynamics used a friction coefficient of 1.0 ps
À1
. The system pressure was kept at 1.0 atm using the Nosé-Hoover thermostat 53 with a coupling time of 0.1 ps.
Results and discussion
A. Theory: expected fs-ESHS response from electrolyte solutions
For an ionic solution, incoherent SH intensity from electronic anisotropy within individual water molecules or ions may be expected. We can also consider whether there are coherent contributions from structural orientational order between water molecules or ions to the fs-ESHS response. Both contributions are illustrated in Fig. 1B and C and will be considered below. In what follows we will first calculate the incoherent SH intensity from individual ions by using the results from a MD simulation in combination with a simple scaling law for b (3) (which is used for describing non-resonant nonlinear optical interactions). 54 Single spherical ions with different radii will be considered. The incoherent SH intensity from water molecules will be discussed briefly as well. Then, we will focus on the expected coherent SH intensity from water molecules as induced by ions. To estimate this coherent SH intensity from electrolyte solutions we make use of a mean field DH model. 39 In this DH model, the medium is considered as a dielectric continuum. It is also assumed that the statistical distribution of ions follows the linearized Boltzmann distribution. Water molecules are considered as a non-interacting gas of dipoles. Incoherent response: local electronic anisotropy. As shown in Fig. 1B , for centrosymmetric ions, the absence of molecular electronic anisotropy results in a vanishing b (2) tensor (b (2) cation/anion = 0). Spherical ions will therefore contribute primarily through the third-order response b (3) that requires an interaction with two optical photons and an electrostatic field component (b (3) cation/anion ÁE cation/anion (0) a 0). The electrostatic field originates from the surrounding water molecules and ions in the solution. A value for this electrostatic field E(0) is obtained from atomistic polarizable MD simulations using Amoeba models. 50, 51 These computations show that the electrostatic field E(0) that is felt by the ions originates primarily from the surrounding water molecules. We find concentration independent values of |E anion (0)| B 12.2 AE 4.2 Â 10 9 V m À1 around the anions and |E cation (0)| B 4.9 AE 2.0 Â 10 9 V m À1 around the cations. The contribution of other ions to E(0) is found to be negligible compared to that of neighboring water molecules, and the MD simulations of three different concentrations (13 mM, 40 mM, and 2 M) produced the same electrostatic field. Probably this is due to an on-average symmetric arrangement of ions around the central one as illustrated in Fig. 1C . In addition, these surrounding ions are further away than the surrounding water molecules.
The average magnitude of b (3) 
where R ion is the ionic radius. The values used for the ionic radii are taken from the literature 56, 57 and listed in Table 1 . The incoherent fs-ESHS intensity from individual ions in water of an AB j electrolyte is thus given by
where c is the concentration of electrolytes in M. j = 1 for chloride salts with monovalent cations and j = 2 for divalent cations.
In contrast to spherical ions, the molecular hyperpolarizability is nonzero for dipolar water molecules b
, which thus gives rise to the leading-order contribution to the incoherent SH emission. Values of b (2) of liquid water were obtained from an ab initio study by Gubskaya and Kusalik. 58 The incoherent response is expected to contribute to all four accessible polarization states (PPP, PSS, SPP, and SSS). The three-letter code for the polarization state, from left to right, denotes the polarization state of each participating photon from high frequency to low frequency. P(S) represents the polarization direction of light parallel (perpendicular) to the XZ horizontal scattering plane in Fig. 1A . Coherent response: orientational order of water. In addition to an incoherent contribution to the fs-ESHS intensity, there is also a coherent contribution to I(2o) that reports on orientational correlations between water molecules. 39 As illustrated in Fig. 1C the coherent contribution from ions is expected to vanish according to symmetry considerations: for every ion, other ions are on average distributed symmetrically around it. The vector sum of the electrostatic field from other ions at the location of a given central ion is on average zero ( P E ion-ion = 0). The third-order contribution from individual ions therefore vanishes (b (3) cation/anion Á P E ion-ion = 0). In addition, b (2) . Ion-induced long-range changes in the orientational order of water molecules were recently observed in aqueous electrolyte solutions. 39 This orientational order gives rise to an ion-induced coherent SH water signal in only two (PPP, PSS) of the four accessible polarization states (with collinear illumination). The orientational order that is probed in this way reports for a significant part on the breaking and formation of H-bonds. 39 As illustrated in the inset of Fig. 1C , the motion of water molecules can be thought of as arising from bending and stretching motions of the H-bond. Coherent fs-ESHS probes orientational correlations and is therefore sensitive to bending of the H-bond, but not to stretching of the H-bond for which the orientational correlation between two water molecules does not change. The orientational order of water can be qualitatively (not quantitatively) described by a DH model. 39 The coherent fs-ESHS intensity is found to be related to the structure factor S(q,c) of a gas of water dipoles in contact with ions:
where P
i-w (2o)
where k D (c) is the DH screening parameter, z cation (z anion ) the valency of cations (anions), N A Avogadro's number, e the elementary charge, e 0 the vacuum permittivity, e the static relative permittivity of water (at 293 K), k B the Boltzmann constant, and T the temperature in K: j = 1 for chloride salts with monovalent cations and j = 2 for divalent cations. For the coherent PPP fs-ESHS intensity measured at a scattering angle y of 901 the orientational distribution of water dipoles can be computed in terms of ion-dipole interactions and thermal fluctuations. Using the linearized Boltzmann distribution we find the second-order polarization that is induced in the water molecules: 39 
where N m is the number density of water molecules, m the permanent dipole moment of a water molecule, and e Z the unit vector in the Z direction which contributes to P polarized SH light, As mentioned, in this calculation, water molecules are approximated as an ideal gas, for which water-water interactions are neglected. Using eqn (7)- (9), we compute the coherent SH response of water molecules in an electrolyte solution arising from the orientational correlations between water molecules induced by the total electrostatic field in solution originating from the ions. When there are no ions, there are thus no correlations between the water molecules.
Computational results. Fig. 2A shows the calculated incoherent SH intensity I ion (2o) from individual ions in aqueous solutions of chloride salts with different cations. It can be seen that according to the computation (eqn (5) and (6)) I ion (2o) increases linearly with the electrolyte concentration. There is no distinguishable difference in I ion for different monovalent cations and different divalent cations. The absence of ion specificity in I ion (2o) is probably caused by the fact that the intensity scales with R 14 (| b
ion | p R 7 , eqn (5)) and that the Cl À ion (R = 0.181 nm) is much bigger in size than any of the studied cations (0.065 nm o R o 0.169 nm, see Table 1 ). In addition, |E anion (0)| is more than twice larger than |E cation (0)|. The contribution from cations to I ion (2o) is thus negligible. The difference between the divalent and monovalent series is caused by the different number of Cl À ions in solution; when the curves are corrected for the number difference in Cl À ions this difference vanishes. The coherent concentration dependent response for bulk water is shown in Fig. 2B . The intensity increases at a very low electrolyte concentration. As discussed previously, 39 this increase is caused by the combined electric field of all the ions inducing orientational correlations between the water molecules (see also ref. 43) . As was noted in ref. 39 , the actual increase in orientational order is 6 times smaller and displays an isotope effect of a factor of B3. The reported difference in ref. 39 between the experimental data (which is also shown here in Fig. 3C but with a linear concentration scale) and the theoretical DH curve in the concentration range from 1 mM to 100 mM is probably caused by the fact that the DH model neglects H-bonding. For the present study we note that the DH model does not include any ion specificity, and the SH intensity remains constant up to 4 M.
B. Experiments: fs-ESHS from electrolyte solutions
The fs-ESHS intensities (I salt (2o)) from aqueous electrolyte solutions were measured in SSS (Fig. 3A and B) and PPP (Fig. 3C ) polarization combinations at a scattering angle of y = 901 for electrolyte concentrations up to 4 M (or approaching solubility limits for SrCl 2 , RbCl, and KCl). Fig. 3A and B present only incoherent responses and Fig. 3C presents both coherent and incoherent responses. The values for I salt (2o) are normalized by that of pure water (I water (2o)) measured in the same polarization combination. In both cases the curves were fit with a linear function of the form:
where k PPP(SSS) is the linear increase rate of the PPP (SSS) I salt (2o)/I water (2o) ratio and b is the interception of the y-axis. k PPP(SSS) thus reflects the increase in the relative SH response if one molar of ions is added to the solution. As shown in Fig. 3A and B, the measured incoherent response differs from ion to ion, and k SSS changes from negative (K + ) to almost zero (Cs + ) and to positive (other cations). Table 2 . Comparing Fig. 2A to Fig. 3A and B, we observe differences between the computation and the measurement: the presence of ion specificity is not predicted by the theory nor is the large onset concentration of the intensity increase in Fig. 3A and B. Instead of incoherent single ion contributions that mainly arise from Cl À anions there must be another effect that dominates the SSS fs-ESHS intensity. As we have seen in eqn (2) the incoherent response of water is another source of fs-ESHS intensity. This response, which depends on the electronic structure of water, can possibly be influenced by ions in highly concentrated electrolyte solutions. (5) and (6) for a cationic series of chloride salts. All monovalent and divalent cations behave approximately in the same way so that the curves overlap. (B) The coherent SH intensities of electrolyte solutions are calculated based on the DH theory (eqn (5)- (7)) for monovalent and divalent cations. There is no ion specificity in the calculated SH intensity. effect on the electronic structure of water cannot be explained by the size and charge difference with respect to the other ions. In fact, in order to reduce the electronic anisotropy of the first hydration shell, the lone pair electron of the oxygen of water needs to shift towards the hydrogens of the same hydrating water molecule. The distribution of the lone pair electrons of the oxygen of water highly depends on the local environment, which can be changed by water H-bonding or the presence of ions, as indicated by previous oxygen K-edge X-ray emission spectroscopy measurements on liquid water. 64 Turning now to the combined coherent and incoherent contributions (Fig. 3C) , we observe that in the PPP polarization combination the fs-ESHS intensities show the same type of behavior: The fs-ESHS intensity increases linearly with electrolyte concentration. There are, however, two notable differences: Fig. 3C displays an increase of a larger magnitude (from 1.3 to 3 instead of from 1 to 1.3 for MgCl 2 ) as well as an onset concentration that is up to a factor of 5 lower, bringing the ion : water ratios to hundreds of water molecules per ion. It is unlikely that at such low concentrations ions already induce a significant perturbation in the distribution of electronic charges of the hydration shell which is necessary to change b (2) . 17 For such low onset concentrations, and to generate a bigger change in the PPP fs-ESHS intensity, ion-induced structural correlations between water molecules are needed. As reported recently, 39 such ion-induced orientational correlations or orientational order are present in electrolyte solutions and can be observed with fs-ESHS in the PPP polarization combination for ionic strengths as low as 10 mM. These correlations occur as a weak response of the H-bond network of water to the electric field of the ions and lead to an increasing relative fs-ESHS intensity up to B1.3. The same response was observed for 21 different electrolytes. 39 Fig . 3C shows that for increasing salt concentrations the normalized intensities start to diverge, which may be a consequence of the hydration shells becoming smaller and being influenced by the charge, electronic structure, and size of the ions. It can be seen in Fig. 3C that all the slopes are positive and that k PPP follows the order:
, which resembles a direct cationic Hofmeister series (with K + and NH 4 + as exceptions). 3, 65 The exception of NH 4 + is likely due to its H-bonding with water molecules, which induces changes in the orientational order of hydrating water molecules. A possible reason for the special behavior of K + might be that the water network becomes more disordered and the hydration shell becomes looser, as indicated by the larger ion-water oxygen Fig. 3 Measured fs-ESHS intensities of electrolyte solutions. The fs-ESHS intensities (I salt (2o)) of electrolyte solutions for the chloride salt series were measured in SSS (A and B) and PPP (C) polarization combinations. I salt (2o) is normalized by the intensity of pure water (I water (2o)) measured in the same polarization combination. The solid lines represent a linear fit of the fs-ESHS intensity. Note that the computed y-scale in Fig. 2A cannot be compared to the measured y-scale in Fig. 3 . Table 2 Fit parameters of the fs-ESHS data in Fig. 3 to eqn (10) . Onset concentrations where the data start to increase linearly are also given distance than the oxygen-oxygen distance as well as the large ion-hydrogen distance measured by neutron diffraction. 16, 66 It can be seen that small divalent ions have the biggest influence on k PPP and thus the most restricting influences on the rotational motion (or H-bond bending mode) of water molecules. In contrast, larger monovalent ions have a smaller influence on restricting the H-bond bending mode and lead to a lesser increase in the orientational order of water as represented by the PPP fs-ESHS intensity. Fig. 2B shows the computed coherent relative SH intensity based on the DH theory. This curve reflects ion-induced orientational order in a dipolar gas of water molecules. This model does not describe the experimental data well. It can be seen that the DH model fails to capture the observed ion specificity. It does, however, show the extent over which ions could influence the orientational order of water if all water-water interactions would be turned off. As can be seen, at 4 M, the MgCl 2 curve reaches a relative intensity of I salt (2o)/I water (2o) = 3, which is close to the limiting value of the DH theory, namely B3.5 (assuming the values for b (2) reported by Gubskaya and Kusalik 58 ). This suggests that, at such high salt concentrations, the Mg 2+ -water interactions strongly contribute to the orientational order of water molecules. In previous X-ray Raman and small angle X-ray scattering studies by Nilsson and coworkers, 18 Mg 2+ has also been shown to have strong interactions with water molecules and form tightly bound hydration shells.
As we have seen previously, ion-induced changes to the orientational order of water lead to changes in the free energy of the H-bond network of bulk water at electrolyte concentrations below 100 mM. 39 We might expect similar changes, showing ion specificity, to occur as well in the macroscopic properties of bulk water that are sensitive to water-water interactions, at electrolyte concentrations higher than 100 mM. Two of the most well-known candidates are the viscosity of electrolyte solutions and the Gibbs free energy change of hydration of electrolytes, both bulk properties that display ion specificity. 7, 8, 11, 67, 68 C. Macroscopic properties of aqueous solutions of electrolytes Viscosity B-coefficients. The resistance of a fluid to deformation by an external stress is described by the viscosity, which is a measure of intermolecular interactions, such as H-bonding in water. The dynamic viscosity of an aqueous electrolyte solution can be described by the empirical Jones-Dole equation 7, 67 as a power series of the electrolyte concentration c in the solution:
where Z is the dynamic viscosity of the solution, Z 0 the viscosity of pure water, A the viscosity A-coefficient, and B the viscosity B-coefficient. The A-coefficient is thought to be related to ion-ion interactions and dominantly influences the value of Z/Z 0 for c o 0.05 M. The B-coefficient displays ion specificity, and is thought to reflect ion-water interactions influencing the value of Z/Z 0 for c 4 0.05 M. 7 In a traditional view, weakly hydrated ions with negative B-coefficients are referred to as ''structure breakers'' and strongly hydrated ions with positive B-coefficients are termed as ''structure makers''. 7, 31, 69 Even though this idea has been challenged, 31 it is widely accepted that the B-coefficient is pertinent to the hydration of ions and ion-induced structural changes in the water network. Ion-induced orientational order of water molecules can be understood as a restriction of the motion of water molecules. This restriction may influence the fluidity of the liquid and the motion of other objects in water and thus is related to changes in the viscosity. From Fig. 3C we observe that the onset electrolyte concentration of the linear increase of the PPP fs-ESHS intensity coincides with the concentration range where the B-coefficient starts to dominate (i.e. 0.05-0.1 M). As we have seen that the PPP fs-ESHS intensity is a measure of the ioninduced orientational order of water molecules, a correlation between the electrolyte-induced PPP fs-ESHS intensity increase and the viscosity B-coefficient may be expected. In Fig. 4A we correlate k PPP of the linear fit of the fs-ESHS intensity (Fig. 3C) with literature values 7 of the viscosity B-coefficient for different electrolytes. The viscosity values are reproduced in Table 3 for completeness. The quality of the correlation is indicated by R 2 , the coefficient of determination. A perfect correlation is achieved with R 2 = 1. 48 It can be seen that there exists a very good correlation (R 2 = 0.97) between the B-coefficient and k PPP .
This correlation can be qualitatively explained by noting that viscosity is determined by the rate at which H-bonds are broken and formed, which is what the fs-ESHS experiment probes (as illustrated in Fig. 1C ).
In contrast, as can be seen in Fig. 4B , no clear correlation between k SSS and the viscosity B-coefficient can be observed (R 2 = 0.41). The linear change of the SSS fs-ESHS intensity also starts at electrolyte concentrations much higher than 0.05 M (e.g. 2 M for LiCl). Thus the electronic structure changes in the hydrating water molecules are not correlated with the B-coefficient. This is not entirely unexpected: viscosity is a property that depends more on intermolecular interactions than on changes in the molecular electronic structure. 56 The viscosity B-coefficient of electrolyte solutions dominates the influence of ions on the structure of water for electrolyte concentrations 40.05 M. 7 A recent neutron diffraction study 66 reasons that ion induced viscosity changes are not caused by changes in the H-bond network of water as the viscosity B-coefficient is correlated with the difference between the oxygen-oxygen distance in pure water and the ion-oxygen distance in an electrolyte solution. The experimental data supporting this argument are, however, incomplete since neutron diffraction is only sensitive to the first few hydration shells. Here, we observe a strong correlation between the viscosity B-coefficient and the ion-induced orientational order in water as measured by fs-ESHS, which reports on changes in hundreds of water molecules (i.e. the extended hydration shell). Qualitatively, this correlation can be understood since the ions pose a restriction to the degrees of freedom in the H-bond network. As the resistance of water to objects moving through it is determined by the breaking and formation of H-bonds it is clear that there can indeed be a connection. The viscosity of electrolyte solutions is thus highly related to the ion-induced distortions in the H-bond network of water.
Gibbs free energy change of electrolyte hydration. The Gibbs free energy change of hydration of electrolytes (DG hydr ) describes the total free energy change during the formation of hydrated individual ions (cations and anions) from pure liquid water and ions in the gas phase. The free energy change of water molecules in the ionic hydration shells dominates DG hydr , since DG hydr is given in the limit of infinite dilution and thus ion-ion interactions are excluded. 11 Thus, DG hydr directly reflects the ion-induced energy changes in the extended hydration shells of ions. In Fig. 4C and D, we correlate the rate of change in the fs-ESHS intensity (Fig. 3) -k PPP and k SSS -with literature values 8 of ÀDG hydr , respectively. As Fig. 4C shows, a strong correlation exists between DG hydr and k PPP for the cation series of chloride salts, with R 2 = 0.96. Cations, that induce larger orientational order in the water network, characterized by a larger k PPP , are correlated with a larger value of ÀDG hydr . This means that ions, which constrain more water molecules, generate a bigger (negative) increase in the free energy of hydration. Mg 2+ interacts with more water molecules than Cs + , which is energetically more favorable. As such, smaller ions with larger valencies induce larger structural changes in the water network that lead to a larger reduction in the Gibbs free energy of the water network for the ion hydration. DG hydr is thus highly related to the ion-induced distortions in the H-bond network of water. In contrast, there is no clear correlation (R 2 = 0.29) between k SSS and ÀDG hydr , as shown in Fig. 4D . The ion-induced electronic changes, in the hydrating water molecules, are not correlated with the change in the total free energy of the solution. We can explain the correlation by noting that, DG hydr mainly results from the ion-water and water-water interactions related to the orientational order of water molecules. Thus, we find that the viscosity B-coefficient, ÀDG hydr , and k PPP increase in magnitude following a direct cation Hofmeister series. 3, 65 It is also evident that for these three observable changes in the H-bond network play an important role. Recent MD simulations performed by Thomas and Elcock 32 show that the influence of ions on the relative number of H-bonds per water molecule in electrolyte solutions is ion specific and follows a direct Hofmeister series. Connecting both aspects there is a qualitative explanation for the observed correlations. What the exact molecular mechanism is for the observed increase Fig. 3A and B. The error bar in k represents the 95% confidence interval of the linear fit of the fs-ESHS intensity to eqn (10) . The values for the viscosity B-coefficient and hydration Gibbs free energy are taken from ref. 7 and 8, respectively. They are reproduced in Table 3 . in the fs-ESHS response and what the exact mechanism is behind the correlation observed in Fig. 4 need to be investigated in more detail. In addition, more sophisticated atomistic simulations that calculate the electronic anisotropy as well as the induced orientational order will be useful. Then, with such models both the fs-ESHS response and the viscosity need to be computed with various degrees of precision (and length/time scales).
Conclusions
We have probed ion-induced electronic and structural changes in water, for a cation series of chloride salts using fs-ESHS. For both the incoherent and coherent responses specific ion effects are observed above concentrations of B1 M and B0.1 M, respectively. Comparing the changes in the molecular electronic anisotropy (incoherent response), as measured with fs-ESHS in the SSS polarization combination to theoretical considerations, we conclude that the spherical cations themselves do not significantly contribute to the measured fs-ESHS response.
As described in the theoretical description, an ion specific SSS response is rather originating from ion-induced changes in the electronic structure of water molecules adjacent to the ion. Positive changes as much as 37% (Mg The difference in hydration between K + and Na + is particularly interesting in light of the unusual sensitivity of ion channels to either one of the species, 35, 36 and our experimental data might prove to be useful in elucidating the molecular cause of the functional difference. The coherent PPP fs-ESHS response reports mainly on ioninduced changes in the structural orientational order of water in the extended hydration shells of the ions. Specific effects are observed that follow a Hofmeister trend. Here smaller ions lead to a larger increase in the fs-ESHS response, and the increasing valency also results in higher fs-ESHS intensity. The measured trend shows how cations restrict the orientational freedom of water, which is more effectively achieved for smaller ions with larger charges. A comparison to Debye-Hückel theory, which predicts the SH response for ions interacting with a dipolar gas of uncorrelated water molecules, suggests that Mg 2+ -water interactions, at a Mg 2+ concentration of 4 M, strongly contribute to the orientational order of water molecules. That such a reduction in the orientational freedom of water molecules might also influence macroscopic properties of bulk water was tested by examining correlations of the probed change in orientational order with the viscosity B-coefficient and the Gibbs free energy change of hydration (DG hydr ). Both the B-coefficient and DG hydr are correlated well with the linear increase in the PPP fs-ESHS response. These observations show a possible connection between these three observables. This is exciting because the first two observables report on ion-water interactions at a macroscopic scale and the last observable at a molecular scale. A connection between these properties with the aid of more advanced theory than what is used here would undoubtedly further our understanding of the hydration of ions. This connection would also make it possible to connect the molecular and macroscopic properties of water with atomistic details. Given the omnipresent role that ions and water play in physics, chemistry, biology, and medicine this study is relevant for a wide variety of phenomena. The observed specific cation effects in both the electronic structure as well as the orientational ordering of water molecules provide us with a handle to understand and verify models aimed at understanding specific ion effects in water at both the molecular and macroscopic levels.
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